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2.1 Underwater speleothems 
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Fig. 1: Underwater photographs of Hells Bells speleothems from El Zapote between 30 and 35 m water depth. Note the 
white cloudy turbid layer in 2 and 4. A technical diver serves as scale in 1 and 3 (taken from Stinnesbeck et al., 2017b). 
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2.1 Underwater speleothems 
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Fig. 2: Hells Bells of cenote El Zapote. Technical diver in cenote El Zapote during a sample collecting dive carrying the 
Niskin bottle, sample containers and the multiparameter sonde attached to the sidemount gas bottle (a). Turbid layer 
immediately above the halocline forming a distinct horizontal white cloud at around 36 m water depth (b). Transition of 
cenote shaft to the open dome-shaped cavern at 28 m water depth (c), where the vertical wall of the cenote shaft is devoid 
of Hells Bells speleothems (upper part of picture c), whereas small specimens of Hells Bells grow down from the hori-
zontal ceiling below (lower part of c). Brown-colored Mn-oxide coatings on host rock carbonates and Hells Bells speleo-
thems reach down from 28 m water depth to around 30 m water depth at the transition of the cenote shaft to the wide 
dome-like cavern (c and d). Below around 30 m water depth, Hells Bells speleothem and host rock carbonate surfaces 
are devoid of brownish Mn-oxide coatings. They are white to light-grey colored revealing a distinct horizontal boundary 
(d). Close-up shot of the lowermost calcite rim of a Hells Bell speleothem at around 32–35 m water depth showing mm-
sized calcite crystals (e). 
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Study area  
Fig. 3: Regional-scale map of the Yucatán Peninsula showing the preferential flow paths (red lines) and cenote locations 
(red dots). The area of cenotes with Hells Bells occurrences is indicated by the white star. Cenotes (red dots) were identi-
fied visually on high-resolution satellite imagery and background colors indicate ages of surface geology (modified from 
Bauer-Gottwein et al., 2011). 
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Fig. 4: Schematic cross-section showing important features of the Yucatán Karst Aquifer. The two groundwater masses, 
freshwater and saline groundwater, are separated by a mixing zone or halocline. The Yucatán Karst Aquifer is charac-
terized by cenotes (sinkholes) and interconnected cave conduits resulting in high permeability (taken from Brankovits et 
al., 2017). 
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3.1 Study sites 
 
 
13 
Fig. 5: The study area relative to Mexico (A) and the 
locations of the studied cenotes on the North-Eastern 
Yucatán Peninsula (B). Modified from Ritter et al., 
(2019) and Stinnesbeck et al., (2017b)  
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Fig. 6: Schematic cross-sections of the studied cenotes with morphological and hydrological characteristics (A–D). 
Sketches of cenotes El Zapote and Angelita were taken and modified from Stinnesbeck et al. (2017a) and from the sketch 
at cenote Angelita produced by Octavio del Rio (undated), respectively. Sketches of Tortugas and Maravilla were pro-
duced on the basis of drawings of technical diver Dirk Penzel. Winch profiles and diver profiles indicate the sampling and 
measuring method for the respective water depths. The hydrological features were determined from the in-situ measure-
ments (section 4.1.2.1, p.45).  
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Fig. 7: Pictures of the water surfaces and subaquatic pictures of the studied cenotes in water depths immediately above 
the halocline. Hells Bells are present in cenotes El Zapote (a), Maravilla (b) and Tortugas (c) while cenote Angelita (d) is 
devoid of Hells Bells. Underwater imagery: Thomas Vogt (a), Dirk Penzel (b), Jerónimo Avilés Olguín (c) and Anatoly 
Beloshchin (d). 
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Fig. 8: Different sampling techniques used at cenote El Zapote. (a): Technical diver carries the EXO-1 probe attached to 
side-mounted gas tank, the 5 l Niskin bottle and further sampling equipment. (b): Close-up of underwater Hells Bells 
sampling with a plyer. (c) Sampling the “root” of the ~2m long Hells Bells specimen “Big Bell” at the visitor’s center of El 
Zapote ecopark. (d) Technical diver samples the “baby bells” that grew on the tree stem. (e) Water sampling device, 
FreeFlow bottle (1 L), with EXO-1 Sonde attached for determination of in-situ parameters and exact water depth of each 
water sample. (f) Technical diver conducting an underwater EXO-1 profile from ~40 m down to ~54 m water depth at 
cenote El Zapote. (g) Winch mounted on top of a transport box with Niskin bottle attached on the 0.6 mm steel wire.  
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Fig. 9: pH-logs of EXO-1 probe deployed at a dive down to 45 m water depth. The probe was attached to the gas bottle 
of a technical diver and pH was logged every second. The pH-electrode reacted on elevated sulfide concentrations below 
36 m water depth resulting in higher pH readings. This is evident in the pH readings on the way up that are elevated 
compared the readings on the way down. The probe seems to regenerate itself in some time after the exposure to sulfidic 
waters. 
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Fig. 10: Scheme showing the procedure of taking subsamples from the 140 ml samples syringes (modified from Klose, 
2018, unpub.). 
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Fig. 11: Different views of the 57 cm long Hells Bell specimen “Long Bell” (named ZPT-7 by Stinnesbeck et al., 
2017b). a1: frontal view, a2: lateral view, a3: interior view, a4: diagonal view from below (Stinnesbeck et al., 
2017b). Scan of the polished half of the vertically cut “Long Bell” showing 42 sample spots of the upper (b1) and 
lower (b2) part of which an approximate amount of 100 mg each were drilled for subsequent analysis.   
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a1 
a2 
a3 
a4 
b1 
3.2 Sampling Techniques 
 
 
25 
a b 
c 
d 
d1
1 
Fig. 12: Sub-fossil stem of a drowned Ceiba tree (Ceiba pentandra) from 
El Zapote (a); underwater photograph. Red arrow points to an interval 
on the stem with dense coverage of small lime nodules and horizontal 
lime protrusions at a water depth of about 32 to 33 m. Details of these 
Hells Bells are given in (b) and (c). Well-accentuated crystal tips of Tree 
Bells chosen for analysis (d and d1). Image a, b and c are taken from 
(Stinnesbeck et al., 2018) and images d and d1 are taken from Schorndorf 
(2018, unpub.). 
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Fig. 13: Large Hells Bell specimen (Big Bell) exhibited in the El Zapote visitors center next to the cenote. a: ~1.8 m long 
Hells Bells specimen, arrows point to the samples; b: Probably the youngest part of BB; c: Cross-section of the root of BB 
showing the drilling spots of the sampling. Yellow arrows point to a layer of a FeSx-phase.  
3.3 Analytical techniques 
 
 
27 
3. Methods 
 
28 

 

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3.4 Aquifer monitoring 
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Fig. 14: Underwater pictures of the Mini (TD)-Diver (a) and CTD-Diver (b) loggers installed in the freshwater layer and 
the halocline at cenote El Zapote on 15 December 2017.  
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Fig. 15: Time series of raw data of the Baro-Diver installed at the visitor center at cenote El Zapote showing ambient air 
temperature and pressure (a), TD-Diver and CTD data loggers showing water depth levels, temperatures and electrical 
conductivities (b, c and d). The relative positions of TD and CTD loggers is indicated in cenotes El Zapote (b), Tortugas 
(c) and Maravilla (d). Recovery, data collection and re-installation by the technical divers is indicated by grey-underlined 
logging periods (e.g. Z-LP1 meaning “Zapote logging period one”). The logging periods are usually marked by an abrupt 
change in the data series, because the loggers were not re-installed at the exact same position, e.g. water depth as before. 
Additionally, several data leaps appear within the time series of cenote El Zapote that result from random displacements 
of the shallow data loggers at ~6 m water depth by unknown divers and the subsequent re-mounting of the data loggers 
by the cooperating technical divers during check-dives. The logger displacement at cenote Tortugas was due to fixing the 
mounting of the data logger by the cooperating technical divers.  
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3.6 Data storage and availability 
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4.1 Water analyses 
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4. Results 
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Fig. 16: Hydrogeochemistry of the water column of cenote El Zapote (December 2017). The horizontal grey band indicates 
the depth position of the turbid layer, while the dashed line indicates the top of the halocline at 36.6 m water depth. a: 
Water in-situ parameters versus water depth (left) in relation to the cenote El Zapote cross-section (right). In-situ param-
eters and samples were taken along a winch profile and a diver profile as shown in the cenote cross-section. Note the 
logarithmic scale of the electrical conductivity (EC). b: Close-up of the water in-situ parameters in 31–41 m water depth. 
Note that the scale of EC is non-logarithmic and is only shown for the range between 1–5 mS cm-1, in order to point out 
the increase in salinity at the beginning of the halocline. c: Water chemical parameters determined in the water column 
between 31–41 m water depth. Na+ and Cl- concentrations are only shown in the range of 0–80 mmol l-1 to highlight the 
concentration pattern above and within the halocline. 
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Fig. 17: The pH values and calculated saturation indices for calcite at different water depths of the two sampling cam-
paigns in December 2017 and June 2018. Note the distinct peak of calcite oversaturation at ~35.8 m water depth and the 
difference of pH and SI values below the turbid layer (grey band), which is due to a non-quantifiable positive pH shift in 
the measurement of December 2017 (described in section 3.2.2, p.18 and shown in Fig. 9, p. 20). 
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Fig. 18: Concentrations of dissolved iron and manganese (left) as well as orthophosphate and silica (right) in 28–42 m 
water depth. The grey band represents the turbid layer in 35–36.6 m water depth and the dashed line indicates the top of 
the halocline at 36.6 m water depth. 
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Fig. 19: Stable carbon isotope values 13C-HCO3-eq of the dissolved HCO3- in equilibrium with 13C-CO2 values measured 
in headspace and 13C-CH4 values of water samples alongside the concentrations of DIC and CH4 of water samples. The 
grey band represents the turbid layer in 35–36.6 m water depth and the horizontal dashed line indicates the top of the 
halocline at 36.6 m water depth. Horizontal error bars represent 2 uncertainties and vertical error bars indicate up to 
0.6 m uncertainty of the gas samples that where not taken from the same sample used to determine chemical parameters 
(section 3.2.3, p. 21).   

 


4. Results 
 
44 
Fig. 20: SEM-analysis of turbid layer filtrate. Various particles on the filter are visible on the SEM picture of a larger 
area of the filter (a). An element map for O, S, Si and Ca of the same filter area of (a) is shown in (b) revealing that most 
particles consist of elemental sulfur, Ca-rich particles and silica particles. EDX analysis of individual particles on the filter 
verified the particles as Ca-carbonates (c, c1), elemental sulfur (d, d1) and silicate phases (e, e1). The white arrow in c1 
points to a fragmentary silica shell.  
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Fig. 21: Morphological and hydrological characteristics of the studied cenotes (A–D). Sketches of cenotes El Zapote 
and Angelita were taken and modified from Stinnesbeck et al. (2017a) and the info board at the cenote, respectively. 
Sketches of Tortugas and Maravilla were produced on the basis of drawings of technical diver Dirk Penzel. 
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Table 1: Hydrologic characteristics of the studied cenotes with Hells Bells El Zapote, Maravilla, Tortugas and cenote 
Angelita devoid of Hells Bells. 
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Fig. 22: Hydrogeochemistry (part I) of the studied cenotes with Hells Bells El Zapote (a), Maravilla (b) and Tortugas (c) 
and cenote Angelita devoid of Hells Bells (d). The data is given in Table A2.  
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Fig. 23: Hydrogeochemistry (part II) of the studied cenotes with Hells Bells El Zapote (a), Maravilla (b) and Tortugas (c) 
and cenote Angelita devoid of Hells Bells (d). The data is given in Table A2 and taken from Gulley et al. (2016) and Stoessel 
(1993, unpub.). The seawater SO42-/Cl- is taken from Stoessel et al. (1993). 
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Fig. 24: Hydrogeochemistry around the redoxclines of the studied cenotes with Hells Bells El Zapote (a), Maravilla (b) 
and Tortugas (c) and cenote Angelita devoid of Hells Bells (d). The data is given in Table A2. 
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Table 2: Fluxes (J) of dissolved species towards the redoxcline and gradient of increase of electrical conductivity 
(Grad EC) of the respective cenotes. Upward fluxes from below the redoxcline are denoted as positive values and down-
ward fluxes from above the redoxcline as negative values. Fluxes were calculated from the liner best fit of the respective 
dissolved species illustrated in Figure 25. 
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Fig. 25: Linear best fits for the calculation of ion fluxes in the water column of cenotes with Hells Bells El Zapote (a), 
Maravilla (b) and Tortugas (c), as well as cenote Angelita devoid of Hells Bells (d). The data is given in Table A2. 
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4.2 Petrography of Hells Bells 
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Fig. 26: Light microscopic images of Hells Bells calcite needles of clear white Hells Bells found below ~30 m water depth 
and with brownish Mn-oxide coatings on Hells Bells from 28–30 m water from cenote El Zapote. 
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Fig. 27: Petrographic characteristics of Hells Bells speleothems. SE-images of Hells Bell samples Z17-8DC (a), Z17-18J 
(b), Z17-9J (c) of cenote El Zapote showing bladed (a), dogtooth-like (b) and blocky (c) calcite rhombs. Polarized trans-
mitted light-microscopic images of a thin section from ZPT-7 (d1) (shown in Stinnesbeck et al., 2017b) showing different 
calcite fabrics of angular coarse-grained mosaic calcite (mo) and fine grained elongated botryoidal calcite (by). The same 
detail is shown in the BSE-image of the polished counter slab that corresponds to the thin section (d2). The Mg-element 
map (d3), where higher abundances of Mg appear brighter, indicates a difference in Mg content between the botryoidal 
and mosaic calcite phases. The white rectangles represent areas of measured integrated element spectra. 
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Fig. 28: SEM-images of Hells Bells surfaces. a: Blocky calcites; b: Dissolutions features on the surface of blocky crystals; 
c: Small calcite rhombs on surface (detail of D); d: Multiphase of spherulitic crystals (Fascicular Optic Calcite) with new 
crystallization on the surface. 
c d 
a b 
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Fig. 29: Laminated Hells Bells specimen of cenotes El Zapote (TL4), Maravilla (MIII) and Tortugas (T_7). The speci-
mens were vertically cut in half, while one half was polished (a1, b1, c1). Thin sections were prepared from the other 
half revealing details of the macroscopic lamination (a2, b2, c2). The terminations of each layer appear as an aggregation 
of tiny opaque spots along calcite crystal surfaces (a3, b3, c3).  
4. Results 
 
62 
4.2 Petrography of Hells Bells 
 
 
63 
 
S 
M 
Det.1 
Det.2 
Det.3 
Det.4 
5 mm 5 mm 
a b
 
c 
d 
e f 
Fig. 30: Petrographic analyses of “Long Bell”. a: Location of thin section shown in B in the upper part, the “root” of the 
specimen; b:  Transmitted light microscopic polarized image of thin section (Det. 1 in a); c: Detail of thin section shown in 
b (Det. 2), note the different lithologies of marine carbonate host rock in the upper part appearing dark with various fossils 
and Hells Bells calcites appearing bright and massive surrounding the host rock fragment. F represents fibrous, isopachous 
phases and B represents botryoidal crystal phases. d: Scan of “Long Bell”, vertically cut in half and polished. Different 
growth phases are tentatively distinguished by black lines indicating the initial growth phase on the carbonate host rock 
(1), periods of rather steady growth conditions (2) and periods of rather frequently interrupted growth conditions indicated 
by increased lamination (3). e: Landscape image of thin section No. 13 from “Long Bell” (Det. 4 in d) showing repeated 
phases of dissolution indicated by lamination and the predominantly micritic calcite fabric. f: Landscape image of thin 
section No. 3 from “Long Bell” (Det. 3 in d) showing rather steady growth conditions indicated by long spherulitic (S) and 
blocky mosaic calcite (M). Images modified from Sun (2018, unpub.)  
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Fig. 31: Ba/Ca against Sr/Ca ratios of all analyzed Hells Bells samples including those of cenotes Maravilla and Tortugas 
and the host rock sample from the root of “Long Bell”. Ba and Sr incorporated into Hells Bells calcite are linearly corre-
lated and indicate that the initial Sr/Ba ratios of the host rock are preserved in Hells Bells carbonates. The data is tabulated 
in Table 4 (p. 71) and Table 5 p. (72).  
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Fig. 32: U-series ages of the respective sampling spots of Hells Bells specimen from cenotes El Zapote (TL4), Maravilla 
(MIII) and Tortugas (T7 and T12) that were vertically cut along their presumed growth axis. Samples were taken from 
counter-slabs corresponding to thin sections and polished halves shown in Figure 29 (p.61). U-series ages are tabulated 
in Table 3. Net growth rates (in grey) are approximated between sampling points taking the ages and distance to the 
top (dft) given in Table 3 into account. Note: image seizes reflect the original sample proportions to each other.  
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Fig. 33: Element- and isotope-geochemistry of the laminated Hells Bells specimens from cenotes El Zapote (TL4), Mara-
villa (MIII) and Tortugas (T7 and T12) over time. The data is tabulated in Table 3 and Table 4 (p.71).  
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 ‰
 ± 
± 0.1 ± 0.1, respectively (
Table 3: Results of U-series dating of Hells Bells specimen from cenotes El Zapote, Maravilla and Tortugas along their 
presumed growth axis. dft = depth from top. 
    
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In the upper-
most part  ‰. The 

‰ 
 ‰ in the uppermost part of the 
Fig. 34: Geochemistry of “Long Bell” along the presumed growth axis. Sample spots on the specimen are indicated by 
blackened areas in the image on the left and the uppermost sample represents carbonate host rock as indicated by petro-
graphic analyses (section 4.2.3, p. 62). Note the increasing and decreasing trends of S/Ca and Sr/Ca ratios between ~15–
40 cm from top, respectively.  
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specimen with an abrupt drop to  ‰ at 

‰ in the lowermost part of “Long Bell”

‰ and lower  ‰
4.3 Geochemistry of Hells Bells 
 
 
71 
Table 4: Geochemical data of different Hells Bells specimen of samples taken along their presumed growth axis. Uncer-
tainties of stable isotope analyses 13C and 18O are <0.02 ‰. dft = depth from top.  
Sample 
No./ID 
Sample 
location 
Sample 
type 
Wa-
ter 
depth
dft 
[cm] 
Mg/Ca 
[10-2] 
Sr/Ca 
[10-4] 
Ba/Ca 
[10-5] 
Fe/Ca 
[10-5] 
Mn/Ca 
[10-5] 
S/Ca 
[10-3] 
13C 
[‰VPDB] 
18O 
[‰VPDB] 
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Table 5: Geochemistry of “youngest” lowermost tips of Hells Bells growing on a subfossil ceiba tree (Tree Bells) that fell 
into the cenote El Zapote about 3.5 cal ka BP and from other Hells Bells of different water depths. Individual Hells Bells 
samples were sampled at water depths from 30 to 37.3 m. Uncertainties of element chemistry are given in the method 
section 3.3.2.1 (p. 29) and given uncertainties of 13C and 18O represent 2 standard deviations. 
Sample 
No. 
Sample 
type 
water 
depth [m]  
Mg/Ca 
[10-2] 
Sr/Ca 
[10-4] 
Ba/Ca 
[10-5] 
Fe/Ca 
[10-5] 
Mn/Ca 
[10-5] 
S/Ca 
[10-3] 
13C 
[‰VPDB] 
18O 
[‰VPDB]
 
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Fig. 35: Geochemical data of lowermost “youngest” part of Hells Bells speleothems showing correlations between Sr/Ca 
and Ba/Ca ratios and between Ba/Ca and 13Ccalcite (a) and a trend of increasing 13C and decreasing Sr/Ca with increasing 
water depth of the samples (b). Given uncertainties represent 2 standard deviations and ± 0.25 m is assumed as uncer-
tainty for the water depth of the Hells Bell samples. 
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4.4 Observation of aquifer dynamics with data of loggers 
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Fig. 36: Time series of deviations of the water level, halocline depth level and freshwater layer thickness at cenote El 
Zapote. Note that the missing data from end of April 2019 and forth is due to recording failure of the CTD logger placed 
in the halocline. The data is given in Table A3. 
4. Results 
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Fig. 37: Timeseries of the deviation of water level (blue) and halocline elevation (red) in context of the predicted maximum 
and minimum tide elevation at Puerto Morelos (grey). The mean values of the water level and the halocline deviations 
(black) roughly follow the annual tidal variation. The water level and the halocline elevation show a general negative 
correlation. Tide elevations at Puerto Morelos were calculated with “Programa MAR V1.0” provided by CICESE, the 
“Centro de Investigación Científica y de Educación Superior de Ensenada, Baja California”, Mexico.  The data is given 
in Tables A4–A6. 
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Fig. 38: Precipitation events detected in cenote El Zapote during the whole logging period. The logger data is given in 
Table A4 and the precipitation record is taken from weather station at Cancun International (Elevation: 7m 21.03 °N, 
-86.87 °W, data source: wundergroud.com).  
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5.1 Unravelling the mechanism for subaqueous calcite precipitation 
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Fig. 39:Concentration profiles of dissolved O2, NO3- 
and HS- (calculated with PhreeqC) in water depths 
around the redoxcline. The fluxes J are given in 10-5 
µmol m-2 s-1. The linear fit of O2 and HS- is calculated 
for the range of plotted values, while for NO3- it is cal-
culated only for the range from 34.4–36.6 m water 
depth. Only O2 values above detection limit (6.3 µmol 
l-1) from winch profile 2 were considered for the calcu-
lation (suppl. Table S1 in Ritter et al., 2019). 
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7𝐻𝑆− + 2𝑁𝑂3
− + 𝐶𝑂2 + 9𝐻
+ → 7𝑆0 + 𝑁2 + 𝐶𝐻2𝑂 + 7𝐻2𝑂
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5.1 Unravelling the mechanism for subaqueous calcite precipitation 
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5. Discussion 
 
90 
Fig. 40: Scheme of the biogeochemical processes involved in the sediment and redoxcline of the water column of the cenote 
El Zapote that lead to Hells Bells formation (updated from Ritter et al., 2019). 
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𝐶𝑎2+ +  2𝐻𝐶𝑂3
− ↔ 𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂
𝐶𝑎2+ +  𝐶𝑂3
2− ↔ 𝐶𝑎𝐶𝑂3
𝐻𝐶𝑂3
− ↔ 𝐶𝑂3
2− +  𝐻+
𝐻𝐶𝑂3
− + 𝐻+ ↔ 𝐻2𝐶𝑂3
𝐻2𝐶𝑂3 ↔ 𝐶𝑂2 +  𝐻2𝑂
𝑅𝑁𝐷−𝑆𝑂 =
1
3
𝐽𝐻𝑆− ∗ ( 
𝛼
𝑚𝐻𝑆−
−
𝛽
𝑚𝐻𝑆−
) [
𝑚𝑜𝑙
𝑚2 𝑠
]
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𝑅𝐶𝑂2−𝑎𝑠𝑠𝑖𝑚. =
1
2
𝐽𝐷𝐼𝐶(𝐻𝐶𝑂3−)
5.1 Unravelling the mechanism for subaqueous calcite precipitation 
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Table 6: Results and parameters as well as reported values used for the estimations on calcite precipitation rates in the 
redoxcline of cenote El Zapote. 
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Fig. 41: Different schematic salinity patterns of density stratified fresh- and saltwater bodies showing different degrees of 
advection between the end-members stages of non-stagnant advection only and stagnant diffusion only water body. 
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Fig. 42: Gross redox reactions involved in the biogeochemical processes within the redoxclines of cenotes with Hells Bells. 
The dashed line represents the top of the redoxcline.  
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


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𝑁𝐻4
+ + 𝐶𝑂2 + 𝑂2 → 𝑁𝑂3
− + 𝐶𝐻2𝑂 + 2𝐻
+
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𝑛𝑆0  + 𝑆2− ↔ 𝑆𝑛+1
2−
𝑛𝑆0  + 𝐻𝑆− ↔ 𝑆𝑛+1
2− + 𝐻+
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
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𝐶𝐻4 + 4𝑁𝑂3
− → 𝐶𝑂2 + 4𝑁𝑂2
− + 2𝐻2𝑂

 

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𝐶𝐻4 +
1
3
𝐻𝐶𝑂3
− +
5
3
𝐻+ +
4
3
𝐻𝑆−  →
4
3
𝐻3𝐶𝑆𝐻 + 𝐻2𝑂
 𝑀𝑛2+ +  
1
2
𝑂2 +  𝐻2𝑂 ↔  𝑀𝑛𝑂2 + 2𝐻
+ 
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
x
𝐽 𝑒𝑥
− = 𝐽𝑥 ∗ Ɛ𝑥
 
 
 
 
 
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Table 7: Balances of electron (e-) fluxes Je- and e- transfers of the proposed redox processes at the redoxcline of cenotes 
with Hells Bells. The calculation of the (e-) fluxes is based in the fluxes J given in Table 2 (p. 54). 
   
 
  

 
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Fig. 43: Schematic model of the biochemical element cycling in the interrelated “self-sustaining” system of redoxcline 
chemolithoautotrophy – halocline heterotrophy. Internal and external organic matter is denoted as Corg(int.) and 
Corg(ext.), respectively. 
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 
𝐻𝑆− + 0.5 𝑂2 + 𝐻
+ → 𝑆0 + 𝐻2𝑂 
𝐻𝑆− + 2𝑂2 → 𝑆𝑂4
2− + 𝐻+
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𝐻𝑆− + (2 − 1.5𝑥) 𝑂2 + 𝑥 𝐻
+ → 𝑥 𝑆0 + (1 − 𝑥) 𝑆𝑂4
2−𝑥 𝐻2𝑂 + (1 − 𝑥) 𝐻
+
 
 
 
 
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
𝑒𝑂2
− + 𝑒𝑁𝑂3
− + 𝑒𝑁𝐻4
− + 𝑒𝐶𝐻4
− + 𝑥𝑒𝑆
− + (𝑥 − 1)𝑒𝑆𝑂4
− = 0
Table 8: Balances of electron (e-) fluxes Je- and e- transfers of the proposed redox processes at the redoxcline of cenote 
Angelita devoid of Hells Bells. The calculation of the (e-) fluxes is based in the fluxes J given in Table 2 (p. 54). 
    
  

 
5.2 Authigenic calcite formation in cenotes of the Yucatán Peninsula 
 
 
113 
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114 
Fig. 44: Exemplary extent of stages of the redoxcline biogeochemistry in relation to the degree of advection and calcite 
precipitation potential of deep stratified cenotes of the Yucatán Peninsula determined from comparison of cenotes with 
and without Hells Bells. With decreased degree of advection and decreasing availability of oxidants, alkalinity and re-
ducing power increases due to proton-consuming incomplete oxidation of reduced chemical species, e.g. HS- to S0 (section 
5.2.2.3, p.105). The calcite precipitation potential increases with alkalinity and is at maximum, where sulfide is oxidized 
under anoxic conditions. Elemental sulfur (S8) is only formed and stable within a certain range of oxidant to reductant 
relation and is not stable under conditions of very high reducing power (sections 5.2.2.2, p. 98 and 5.2.2.5, p. 109.  
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Table 9: Compilation of hydrologic characteristics of deep stratified cenotes reported for the Yucatán Peninsula with 
regard to stagnancy and Hells Bells formation. The cenotes are ordered with increasing gradient of electrical conductivity 
(grad EC), which indicates increasing degree of advection in the water body of the cenotes. 
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5.3 The role of the halocline elevation in Hells Bells formation 
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Fig. 45: Sketch of dynamic halocline elevation within the Yucatán Karst Aquifer. Halocline depth increases with increas-
ing distance from the coast in a steady-state condition (a). Recharge events result in a lower halocline beneath areas of 
high vertical transmissivities and an elevated halocline in areas of low hydraulic transmissivity, e.g. cenote El Zapote (b). 
Modified from Ritter et. al (2019). 
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 

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Table 10: The net calcite precipitation or Hells Bells growth at each water depth level as a result of halocline depth level 
elevation changes due to steady increase and decrease of the halocline as a result of droughts and wet periods is simulated 
in Model 1. Periodic annual tidal sea level changes in combination with short-term episodic recharge-driven halocline 
elevations are simulated in Model 2.  
Fig. 46: Scheme of varying halocline elevation on different timescales due to the different indicated mechanisms (on the 
left). Hells Bells seem to grow faster in the center of the 10 m zone of Hells Bells appearance (on the right). This is visually 
indicated by the seize distribution with water depth of Hells Bells specimen and by measured net growth rates of Hells 
Bells from within and above the present-day redoxcline (section 4.3.1.1, p. 65, Schorndorf et al., 2019; and Stinnesbeck et 
al., 2017b). 

  
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Fig. 47: Map of the North-Eastern YP with indicated areas of potential occurrence of deep stratified cenotes containing 
Hells Bells. The positions of the same deep stratified cenotes with and devoid of Hells Bells, as well as those with the potential 
of Hells Bells as listed in Table 9 (p.117) are delineated. Major tectonic structures and the distribution of cenotes identified 
via satellite images and the studied cenotes with and without Hells Bells presented in this study are denoted. (taken and 
modified from Klose , 2018, unpub.), cenote locations and fracture structures derived from preferential flow paths were 
taken from Bauer-Gottwein et al. (2011). 
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𝑝(ℎ)  = 𝜌 𝑔 ℎ + 𝑝(0)
𝑝(ℎ) 𝑘𝑔 𝑚−1 𝑠−2
𝜌 𝑘𝑔 𝑚−3
𝑔 𝑚 𝑠−2
ℎ
𝑝(0) 𝑘𝑔 𝑚−1 𝑠−2]
ℎ1  =
𝑝(ℎ)1−𝑝(0)1
𝜌1 𝑔1
 
ℎ1 [m]
𝑝(ℎ)1 𝑘𝑔 𝑚
−1 𝑠−2
𝑝(0)1 𝑘𝑔 𝑚
−1 𝑠−2
𝜌1 𝑘𝑔 𝑚
−3
𝑔 𝑚 𝑠−2
ℎ𝑛  =
(𝑝(ℎ)𝑛 − 𝑝(ℎ)𝑛−1) − 𝑝(0)
𝜌𝑛 𝑔
+  ℎ𝑛−1
(𝑝(ℎ)𝑛  −  𝑝(ℎ)𝑛−1 ℎ𝑛 [m]
𝑝(ℎ)𝑛 𝑘𝑔 𝑚
−1 𝑠−2
𝑝(ℎ)𝑛−1 𝑘𝑔 𝑚
−1 𝑠−2
𝑝(0) 𝑘𝑔 𝑚−1 𝑠−2
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𝜌𝑛 𝑘𝑔 𝑚
−3
𝑔 𝑚 𝑠−2]
ℎ𝑛−1 [m]
𝜌𝑡𝑛
𝜌𝑡𝑛  = 𝑎0 +  𝑎1𝑇𝑛 + 𝑎2𝑇𝑛
2 + 𝑎3𝑇𝑛
3 + 𝑎4𝑇𝑛
4 + 𝑎5𝑇𝑛
5
𝜌𝑡𝑛 𝑘𝑔 𝑚
−3
𝑇𝑛
𝑎0 999.842594 𝑘𝑔 𝑚
−3
𝑎1:    6.793953 × 10
−2 
𝑎2 −9.095290 × 10
−3 
𝑎3    1.001685 × 10
−4 
𝑎4 −1.120083 × 10
−6
𝑎5    6.536332 × 10
−9 
𝜌𝑠𝑛  = 𝜌𝑡𝑛  +  𝐵 ∗ 𝑆𝑛  +  𝐶 ∗ 𝑆𝑛
3
2  +  𝐷 ∗ 𝑆𝑛
2
𝜌𝑠𝑛 𝑘𝑔 𝑚
−3
𝜌𝑡𝑛 𝑘𝑔 𝑚
−3
𝑆𝑛 ‰
𝐵 =  𝑏0 + 𝑏1𝑇𝑛 + 𝑏2𝑇𝑛
2 + 𝑏3𝑇𝑛
3 + 𝑏4𝑇𝑛
4
𝑇𝑛
𝑏0 8.2449 × 10
−1  
𝑏1 −4.0899 × 10
−3  
𝑏2    7.6438 × 10
−5 
𝑏3 −8.2467 × 10
−7
𝑏4    5.3875 × 10
−9
𝐶 =  𝑐0 +  𝑐1𝑇 +  𝑐2𝑇𝑛
2
𝑇𝑛
𝑐0 −5.7246 × 10
−3  
𝑐1    1.0227 × 10
−4
𝑐2 −1.6546 × 10
−6  
𝐷 = 4.8314 × 10−4
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